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The Fermilab Tevatron 2= Fermilab

o The Fermilab Tevatron is ...
SR ... a Discovery Machine !

New Physics discoveries continue to appear!
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QUARK MASSES
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Today, the collider experiments have collected 125 times
more data than we used to discover the top quark.

bottom © ¢

Recently, the Tevatron has been running
beautifully, setting many new luminosity records.
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Collider Physics at the Tevatron 2= Fermilab

The Tevatron Research Program Are we on the verge of another discovery?

(o0

Mixing, CKM Constraints and CP Violation
Heavy Flavor Spectroscopy

New Heavy Baryon States

Tests of Quantum Chromodynamics

Precise measurement of Top Quark and
W Boson masses

Top Quark Properties

Harder to Produce

Diboson production and SM gauge couplings
New Exclusive/Diffractive Processes

We’'re still probing the Terascale
as the integrated luminosity of our
data increases

CDF & D@ are running at ~90% efficiency
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Tevatron Run I, pp at Vs = 1.96 TeV
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Production Cross Section [pb],

Harder to Observe
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The Standard Model Higgs Boson is
within reach!

Fermilab Users’ Meeting — June 2-3, 2010




The Higgs Boson

Describes the fundamental
constituents of matter and the

2= Fermilab

The Higgs Mechanism
predicts the existence of a
single, scalar Higgs Boson...

interactions between them

Says nothing about the masses of
particles!

Through the “Higgs Mechanism” ...

Spontaneous Symmetry Breaking is explained

The W and Z bosons acquire large masses, yet
the photon remains massless

The masses of quarks and leptons are also
generated

Jay R. Dittmann / Baylor Tevatron SM & BSM Higgs Searches

...that has not yet been observed in nature
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The Higgs Boson £& Fermilab

Discovering the Higgs Boson would be an

. . | .
extraordinary achievement! ... but even more broadly, humankind is eagerly
waiting with intense interest!

The 2010 J. J. Sakurai Prize for
Theoretical Particle Physics

“__ it will almost certainly have

implications on the modern world as

large as the discovery of the electron...

a Google search for
“Higgs Discovery”
yielded 50,700 results
in the past week
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Kibble Guralnik Hagen Englert Brout
(Where is the elusive Higgs?)

=

Englert & Brout, PRL 13, 321-323 (1964)
Higgs, PRL 13, 508-509 (1964)
Guralnik, Hagen & Kibble, PRL 13, 585-587 (1964)
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The Higgs Boson £& Fermilab

The Higgs Mechanism generates the masses of particles...

August 2009

...yet, ironically, it reveals no hint of what the Lo e o pron (Prel)

Higgs boson mass is. 68% CL

If the Higgs boson exists, its mass must be determined
experimentally.

Based on a direct search at LEP II:
mg > 114 GeV/c? @ 95% CL

According to precision electroweak measurements
(involving the top quark mass, W boson mass, etc):

mpg < 186 GeV/c? @ 95% CL

Preliminary

100 < my < 200 GeV/c?
This is exactly the range

\\ where the Tevatron is

sensitive
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Standard Model Higgs Production

If the Higgs boson exists according to the
Standard Model ...

we definitely know where to look for it!

in here

The problem is it’s produced only rarely:
in one out of every 10!2 collisions.
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Direct production
(gg = H)
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Associated production
(WH, ZH )

The cross section for WH is

Production

2% Fermilab

Cross section (barns)

about 35x less than the (We have our work
cross section for #£in Run 1! cut out for us.) Higgs mass (GeV)/c2

*also Vector Boson Fusion
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160 180 200
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Standard Model Higgs Decay $& Fermilab

Since the exact mass of the Higgs boson is High Mass Higgs

unknown, we seek the Higgs through various
search channels in order to maximize the The main decay mode is H—~> W W~

chance of finding it.
A very promising channel. We’ve already

Some channels are sensitive to a Higgs boson at excluded SM Higgs masses around 160 GeV/c?
Others are sensitive at

The main decay mode is H — bb
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However, gg > H — bb is overwhelmed by
multijet background events

Rely on associated production (WH/ZH ).

We use the decays of W and Z bosons to leptons
as a tag for trigger and analysis

140 160
my, (GeV/c?)
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Higgs Search Channels at the Tevatron 3% Fermilab

: b
S H> WwW— v

‘ Events produced at each Tevatron experiment in 1 fb™” ‘
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N
i)
c
QO
>

_ _ | X 2
— WH—> Ivbb experiments

s PR Slibb
i H —}r WW —- I'..fl'n.ur
— Total :

'F10 120 130 140 150 160 170 180
Higgs mass (GeV)

These are the major search channels, but the Tevatron has a
comprehensive search program exploiting many other
ZH — llbb production and decay channels to maximize search sensitivity
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Higgs Search Strategy & Fermilab

In the search for the top quark in the early 90’s, CDF Run Il Preliminary (4.3 fb™)

—e— Data

physicists at D@ and CDF employed novel analysis S
1 . 1 1 . [ Z+jets
strategies to discover it with the smallest possible B diboson(WW,WZ,22)
[ Single top (t-ch)
[ Single top (s-ch)
amount of data. B Sio o (5

B W+ctle
. 55

We’re doing it again. B WeF  overo
But it takes time, patience, and hard work.

We use a three-fold strategy:

I. Maximize Signal Acceptance

-—mm-ﬁ-—--_ = 5.
0 50 100 150 200 250 300

Dijet mass (NN b-jet Energy corrected) (GeVIcz)

II. Reduce Background

III. Employ Multivariate Techniques

Connect different quantities in the data in clever ways to make the Higgs stand out
more
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Higgs Search Strategy & Fermilab

I. Maximize Signal Acceptance

- Example: ZH — [Ibb channel

Small expected signal — so acceptance is key!

~15% signal gain

Reconstruction of Z and H resonances control background rates,
allowing for loose selection requirements

Additional signal from expanded lepton identification

+— Data CDF Run Il Preliminary (4.1 fb)

DO Run Il Preliminary (4.2 f&') Z+tjets PreTag (Low S/B) ® dutx B WW.WZ 27
Z+HF ' W Z +1f jets

B Top
¥ Diboson

Multijet

Fukes

N‘ M,, = 120 GeVic® x 1500 Bz o
uncertainty

&
[
P
€
-
w

Number of Events

0 60 80 100 120 140 160 180 200

0 20 40 60 80 100 120 140 160 180 200
M, [GeV] ZP, (GeVic)

reconstruct Z candidates from a muon and an reconstruct Z candidates from two forward
isolated track calorimeter clusters
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Higgs Search Strategy
II. Reduce Background

. Identifying b-jets (b-tagging)
Distinguish b-jets from charm and light flavor jets
Exploits long lifetime of b
Various algorithms available at CDF & D@

Tag 50-60% of b-jets with only ~1% light-flavor
tag rate

— b-jets
light-jets
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2% Fermilab

Displaced tracks

Decay lifetime -
y Lxy 1 //Q’Secondary vertex

Primary vertex >/

Prompt tracks
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Higgs Search Strategy & Fermilab
II. Reduce Background

Identifying b-jets (b-tagging)

- Example: WH — Ivbb channel
Tagging both jets dramatically reduces background (W + light flavor jets)

without b-tagging with b-tagging

.. - ] '
CDF Run Il Preliminary, L=4.815" | mstoss CDF Run Il Preliminary, L = 4.8 fo' 55?1’?
op

[IMistags

WH = Ivbb WH = Ivbb B WeeWe

B Wbb
[ Non-W
B Z+jets
Il Diboson
O
- Data
=== WH115x5

no b-tags

:

Candidate Events

gCandidate Events

®jeQ 0} P8(eos OLeD SIUOJ

2
g
2
g
g
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100 150 200 3 100
Dijet Invariant Mass (GeV/c") Dijet Invariant Mass (GeV/c?)
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Higgs Search Strategy

III. Employ Multivariate Techniques

- Common Multivariate Discriminants:
Artificial Neural Network (NN)
Boosted Decision Trees (BDT)
Matrix Element Probabilities (ME)

. Multivariate techniques combine
many variables

- Example: WH — Ivbb and ZH — vvbb
Multijet backgrounds are large

BDT’s separate WH/ZH (VH ) from
multijet background

Second set of multivariate discriminants
employed for
signal vs. non-multijet background

Multivariate techniques
proven to work in recent
diboson (WW/WZ) &
single top observation!

Jay R. Dittmann / Baylor

Events / 0.06

Events / 0.06

Tevatron SM & BSM Higgs Searches

2= Fermilab

D@, 5.2 fb™

-+ Data
Top

WV+h.f./VV

Mlul'tl jet
CIVHXSOO

D@, 5.2 fb™

-+ Data
Top
S V+h.f./VV

Dwxfw+ + _+_ _+_++

+ double tag

.2030.40.50.60.70.80.9 1
Final discriminant
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Combination of H —> W*™W~ Searches 2= Fermilab

CDF + DO Run I —4— Data-Background

-1
L=48-541fb Signal

—— =1 s.d. on Background

Events/0.267

- CDF + DO Run II Observed
L=48-54 fb" Expected
Expected =10
Expected 20

Although no single experiment can
currently exclude the Higgs,

162—-166 GeV/c? @ 95% CL

(expected exclusion range 159-169 GeV/c?)

At my = 165 GeV/c?:
Expected / osm = 0.87
Observed / osm = 0.93

(using Bayesian Technique)

First Combination Publication! PRL 104, 061802 (2010)
~5 fb'! of data, fast turnaround for PRL
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Standard Model Higgs Combination $& Fermilab

Latest Tevatron Higgs Combination! @

Low mass and high mass

Tevatron Runli Prellmlnary,L 2.0-5.4 fbo’' Channels CombiHEd.

LFP E\clusxon ﬂevaurcm
Exclusion
Expected
Observed 1/
+1c Expected
120 Expected

95% CL Limit/SM
=

SM=1

November 6, 2009

100 110 120 130 140 150 160 170 180 190 200
mH(GeV/cz)

150 155 160 165 170 175 180 185 190 195 200
November 6, 2009 my, (GeV)

A new Tevatron combination for Summer 2010 (~6 fb!) is underway...
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BSM Higgs — A Brief Primer £& Fermilab

What if nature doesn’t follow the SM Higgs mechanism?

Reality could be a refinement of the SM or a more

exotic theory like Supersymmetry (SUSY) Standardsasticles SUSY particles

Need a minimum of 5 Higgs bosons: i Y o1 : @ &
h H A @

~

3 neutral:
2 T . & W
2 charged: H™ H W

Quarks @Leptons @Force particles Sleptons ( SUSY force
particles

Need at least two parameters:
Scalar field mixing angle a can lead to different
m4  tan(f) couplings to fermions for # and H:

Coupling of neutral Higgs bosons to & quarks is

enhanced by tan(f), and production is enhanced
by tan2(B) Limit of o — m/2 yields a Higgs that couples only
to bosons: a Fermiophobic Higgs!
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MSSM Higgs Searches & Fermilab

- Neutral MSSM Higgs decays
bb ~ 90%
77 ~ 10%

Analyses don’t

. 3 channels best suited to benefit from ' ’ }__\’ attempt to identify
enhanced b-quark coupling individual Higgs

an overall excess

: ’ bosons, but look for
()] —> 1T b¢ — 3b/bTT

bd —bbb (@ =h, H, or A) . :

¢ instead.
=--h
bd —>1Tbh >‘m‘<
¢ [ T

bbed — 4b/bbtT

. Good b-jet and Tt identification are
essential!

Tevatron Run Il Preliminary, L= 1.8-2.2 b .

S m, max, u=200 GeV Probing down toward tan(f3) ~ 30,
€va ron , (1) Excluced by Le a region of interest

combination ot =

Expected limit = 1o

+ 555 Expected limit = 20 .
of 777 Still have much more data to add!

results NN
: /\_/ And ... This result is from only one of

the three channels — we have three
with nearly equal sensitivities
180 200

m, [GeV/c?]
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Fermiophobic Higgs & Fermilab

. In the Fermiophobic Higgs scenario,
gg —> H — yy could be greatly enhanced, since H — bb is not allowed!

- Therefore, we select events with two photons and search for a yy mass peak

3% mass resolution

D@, 4.2 fb' preliminary Fermiophobic h—yy (3.0 fb™)

Direct production CDF Run Il Preliminarv
Y + jets/dijets
Drell-Yan

o x BR(yy) (fb)

— Qbserved Limi
- Expected Lim
— NLO predictiol
[ Expected Limit+ 1o
B9 Expected Limit+ 20

oxBr(h—yy)fb

80 90 100 110 120 130 140

M, (GeV) i —e— Observed limit
f Benchmark prediction

Expected limit
1 sigma region
2 sigma region

Limits from each experiment, with 80 90 100 110 120 13?; ‘1,702
only 3—4 fb, are about as sensitive m ., (GeV/c")
as the LEP combination

Probing much higher mass range
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Constraints on 4th-Generation Fermion Models 2= Fermilab

New! Combined CDF + D@ result

This search focuses only on the gg > H
production mode, since this is the only one that
is enhanced by a 4th generation of fermions

F N

Exp.95% C.L. Limit
= (Obs.95% C.L. Limit
8 =1 s.d. Exp. Limit

=2 s.d. Exp. Limit

4G (Low Mass)

4G (High Mass)

CDF+D0 Run II
L=4.8-54fb"
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CDF+D0 Run II —4 Data-Background 120 140 160 180 200 220

1
L=48-541b 4G Signal

—— =1 s.d. on Background

Events/0.2

[
N B [o0]

Assuming a heavy sequential 4th
generation of fermions:

we exclude a SM-like Higgs boson
200 GeV with a mass between 131 and 204

p
2 18 16 -14 12 -1 08 06 0402 0 GeV/c? (95% CL)
log, (s/b)
arXiv:1005.3216 [hep-ex]
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2% Fermilab

Tevatron Projections
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Tevatron Projections 2= Fermilab

a Delivered luminosity now ~8.5 fb!  (per experiment)

a Tevatron will deliver 10-12 fb'! per experiment by end of 2011

2xCDF Preliminary Projection, m =115 GeV

Summer 2005
Summer 2006
Summer 2007
January 2008
December 2008
November 2009
With Improvements

7
=
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:
o
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S
i

4 6 8 10 12 414
Integrated Luminosity/Experiment (fb™ ')

CDF and D@ have already made gxpanded e/u. seIe’ctlon
. final states with 7’s
substantial improvements, and

we know how to make many o iz Uiz .
| improved jet energy resolution
more!

migration of improvements across channels
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Tevatron Projections 2= Fermilab

a Sensitivity to SM Higgs with 10 fb! per experiment

Tevatron Run Il Projection

1
January 15, 2009
0.9 Preliminary

0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

——  Analyzed L=10 fb /Exp.

= Analyzed L=5 fh'UExp.
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0
100 110 120 130 140 150 160 170 180 190 200
With Projected Improvements m ’ ( G EV /C 2)
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Tevatron Projections $& Fermilab

a How sensitive are we to the Standard Model Higgs?

With ~10 fb'1, and
projected improvements,
we can already exclude
the Higgs at the 20 level
from 100 GeV/c? to well
above 180 GeV/c?

~

(o]
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w

...nearly the full mass
range!
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0 . This is Huge!
100 110 120 130 140 150 160 170 180 190 200

With Projected Improvements mH (GeV/ 02)
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Tevatron Projections $& Fermilab

a How sensitive are we to the Standard Model Higgs?

2xCDF Preliminary Projection With ~15 fb! and

) ‘ | projected improvements,
we can exclude the Higgs

at the 3o level up to well
above 180 GeV/c2.

~
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= 2
> aH
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< Q
Q 0
S g
T n
c
<
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-

0100 110 120 130 140 150 160 170 180 190 200 0

With Projected Improvements mH (GeV/ 02)

Can make very broad exclusions of SM (and even BSM) Higgs!
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Conclusions 2% Fermilab

- The Tevatron is a Discovery Machine.
Beginning with the top quark, increases in luminosity have led to discovery after discovery.

The machine continues to achieve new record luminosities!

. CDF and D@ are working hard to discover the Higgs.

New, clever analysis techniques

III

Broad, “no channel too small” strategy

Evidence for the Higgs is within reach
at the Tevatron!

We know exactly “where” to look
We know exactly how to analyze the data
CDF and D@ have a proven track record

With 10 fb-! of data, we can exclude the SM Higgs boson at the
20 level over most of the mass range

... and make significant statements about BSM Higgs...
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... and everyone working on Higgs Physics at the Tevatron!

Please visit the Users’ Meeting Poster Session to see the
details of many fine analyses!
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2% Fermilab

Backup Slides
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The Fermilab Tevatron 2% Fermilab

Proton-antiproton collisions at 1.96 TeV
Run 2 started in March 2001

Delivered luminosity now ~8.5 fb™! @er experimens
Projection ~10-12 fb"! by end of 2011

(
o
o
o
=3

Main Inje&;;r '
& Recycler

—
>
=
wn
o
=
£
=]
= |
e
a
©
f=1]
a
—
(=

=-’//

2002 2003 2004 2005 2006 2007 2008 2009 2010

m Fiscal Year 10 e Fiscal Year 09 Fiscal Year 08 « Fiscal Year 07 =~ Fiscal Year 06
v Fiscal Year 05 =« Fiscal Year 04 » Fiscal Year 03 1 Fiscal Year 02

TARGET HALL

The Tevatron has been running beautifully,
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setting many recent new records ,
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The CDF and DO Experiments & Fermilab

Central Muon Central Calorimeter (EH)

Wall Calorimeter (H) B - oz S L N Central Tracking
Plug Calorimeter (E/H) ‘ > N Calorimeter

Forward MuQn

~T"Muoh Tracking

Forward Calorimeter (E)

Luminosity Monitor

Time of Flight

entral Outer Tracker
Silicon Vertex Detector
Intermediate Silicon

Two Multi-Purpose Detectors:

e, u, and 7 identification

jet and missing energy measurement

heavy-flavor tagging through displaced
vertices and soft leptons
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